In the shade plant Alocasia macrorrhiza grown in low light, photosynthetic CO2 assimilation during a 5 second lightfleck plus postillumination CO2 assimilation can allow up to 60% more photosynthesis than that which occurs during 5 seconds of steady state light of the same intensity (RL Chazdon, RW Pearcy 1986 Oecologia. 69: 524-531). Metabolites of photosynthesis were measured to determine if the pool of ribulose 1,5bisphosphate (RuBP) could account for all of the postillumination CO2 assimilation following a lightfleck in Alocasia. It was found that the pool of triose-P was much larger than that of RuBP and could account for five times more postillumination CO2 assimilation than could RuBP. The same trend was seen in the sun plant Phaswolus vulgaris when it was grown in the shade. In contrast, sun-grown Alocasia and Pkasiolus did not have a large pool of triose-P relative to RuBP following a lightfleck.
Photosynthesis in a rapidly varying light environment can be greater than what would be predicted from measurements of rates in a constant light environment (1 1, 12) . For some understory plants which receive up to 80% of their total daily light during short sunflecks (3, 4, 10) , the capacity to make efficient use of sunflecks may be crucial to survival. Chazdon and Pearcy (6) have shown that the understory tropical rainforest herb Alocasia macrorrhiza when grown in the shade can fix up to 60% more CO2 in response to a 5 s lightfleck (artificial sunfleck) than would be predicted from measurements ofsteady state rates of photosynthesis. High-light-grown Alocasia had measured carbon gains during a 5 s lightfleck that were much closer to the predicted values.
There are two possible explanations for a greater than 100% ' Research supported by Department of Energy grant DE-FG08-84ER 13234 to T. D. S., United States Department of Agriculture grant 84-CRCR-1-1474 to J. R. S. and 85-CRCR-1-1620 to R. W. P. photosynthetic efficiency (defined by Chazdon and Pearcy [6] as the photosynthesis which occurs in response to a lightfleck divided by the amount of assimilation which would occur under steady state conditions). Either the rate of photosynthesis is higher during short light pulses than under steady state conditions or photosynthesis continues after the lightfleck. The first possibility has been described by Stitt ( 17) for 02 evolution measured in 5% CO2. The second explanation, that CO2 assimilation continues at a relatively high rate for a few seconds after the light is reduced, is responsible for the >100% efficiency in Alocasia (6) , and the biochemistry of this phenomenon is the subject of this study.
When a short lightfleck is used more efficiently than steady state light of equal quantum flux density, a limitation to the steady state rate of photosynthesis must be present that keeps the maximum potential rate of light harvesting from being expressed. During steady state photosynthesis, rates of each component step in the photosynthetic process, including electron transport, photophosphorylation, RuBP2 regeneration and carboxylation can occur only as fast as the rate-limiting step. However, during short lightflecks this limitation could be overcome if capacitance were to exist in the system. The rate limiting step could continue in the low light periods by using this capacitance, allowing light-dependent processes to proceed at their maximum rate during lightflecks. This capacitance could be provided by phosphorylated intermediates of photosynthesis and the transthylakoid proton motive force. When the high efficiency results from high rates of photosynthesis during the lightfleck it is likely that the intermediates which provide the capacitance are those associated with starch and sucrose synthesis (17) . When the high efficiency results from post-illumination CO2 assimilation it is less clear which intermediate(s) provides the capacitance.
Postillumination CO2 assimilation can occur as long as RuBP is available. The degree ofpostillumination assimilation observed in leaves (9; TD Sharkey, unpublished results) is consistent with the amount of RuBP measured in intact leaves under similar conditions (2, 13, 14) . We tested whether the postillumination CO2 assimilation seen after a 5 s lightfleck in shade-grown Alocasia could be explained by the pool size of RuBP or whether contributions by other intermediates must be considered. We found that there may be a substantial contribution of the pool oftriose-P and postillumination ATP formation. The importance of this phenomenon in acclimation and adaptation to low light was investigated by also studying high-light-grown Alocasia and low-and high-light-grown Phaseolus vulgaris, a typical sun plant often used to study the metabolism of photosynthesis. MATERIALS AND METHODS Plants. Alocasia macrorrhiza (L.) G. Don (Araceae) plants were grown as described by Chazdon and Pearcy (5) . Phaseolus vulgaris was grown as described by Sharkey et al. (14) . Low-light conditions were imposed in a greenhouse by a shade cloth which transmitted 8% of the available light for Alocasia and 50% in the case of Phaseolus. Although the low-light treatment of Phaseolus was not as low as for Alocasia, significant changes in the photosynthetic apparatus were induced in both species by growth at low light (see "Results").
Experimental Procedure. The response of photosynthesis to lightflecks was studied in plants which had been induced by 20 min high light (500 Mmol photons m-2 s-' at 23TC leaf temperature) because Chazdon and Pearcy (6) found that induced plants exhibited the greatest amount of postillumination CO2 assimilation and because preliminary experiments indicated that metabolite pool size did not rapidly return to prelightfleck levels in noninduced plants. The condition we studied is similar to the condition that Alocasia would experience after a series of lightflecks, since short lightflecks can induce rates of photosynthesis similar to those obtained under continuous light (6) . Measurements taken at the end of the 20 min induction period were considered to be steady state rates. A 2 min period of low light (10 umol photons m-2 s-') was then given before exposure to the lightfleck of 5 s of 500 Mmol photons m 2 s-'. For some leaves this was followed by an additional min at low light. Samples were taken from different leaves at the end of the 20 min induction period, just before, at the end of, and 1 min after the lightfleck.
Analysis of Leaf Gas Exchange and Metabolite Pools. Measurements of leaf gas exchange were carried out as described by Sharkey et al. (14) . Air levels of CO2 (300 jsbar) and 02 (180 mbar) were used. When the measurements of gas exchange were complete and the desired conditions established, the leaf was rapidly frozen in the leaf chamber (<250 ms between light interruption and freezing to below°C) with a freeze-clamp apparatus (14) . One half of the 6 cm2 leaf disc was used for determination of RuBPCase and Chl contents and the other half was used for determination of metabolite contents. This halfdisk was ground in a mortar and pestle precooled with liquid N2.
HC104 (500 gl) was then added and ground together with the frozen leaf powder. Upon thawing, the extract was centrifuged for 3 min in a microcentrifuge (Eppendorf 5414). Four hundred ,ul of the supernatent was taken and combined with 135 MlI of neutralizing agent (1.67 N KOH and 0.13 M Hepes) and 20 Ml of 100 mg ml' charcoal suspension. The pH was checked and, if necessary, adjusted to 7. After standing on ice for 10 min, the extract was centrifuged for 3 min in a microcentrifuge to remove the potassium perchlorate and charcoal. The supernatant was stored up to 3 d at -80C before assay. RuBP was assayed as described by Sharkey et al. (14) except that the freeze drying step was omitted. All other metabolites were measured by pyridine nucleotide-linked enzymic assays using a Sigma ZFP 22 dual wavelength filter photometer (Sigma Instruments, W. Germany). Filters were used to select the 334 and 405 nm mercury lines and a molar extinction coefficient of 6180 was used. An oxidation of 0.1 nmol NADH could be detected. The assay buffer (800 Ml) was 50 mM Bicine (pH 8.2), 10 mM MgCl2, 0.5 mm EDTA, 4 mM ATP, and 0.1 mM NADH. Up to 150 Mul of sample was added to the assay buffer. Triose-P was measured by adding 2 units a-glycerophosphate dehydrogenase plus triose-P isomerase. P-glycerate was measured by adding at least 2 units of P-glycerate kinase plus glyceraldehyde 3-P dehydrogenase. Two NADH molecules are oxidized for every Pglycerate molecule in this assay. To measure hexose phosphates the assay buffer was made up to 10 Mm NADP and the photometer rezeroed. Glc 6-P was measured by adding 2 units Glc 6-P dehydrogenase. Fru 6-P was measured by adding 2 units phosphoglucoisomerase. Two units of fructose bisphosphatase were added to measure the Fru 1,6-P2. This measurement may not be sensitive to sedoheptulose bisphosphate as is the more common aldolase measurement of Fru 1,6-P2 but this was not tested. Glc 1-P was measured by adding 2 units of phosphoglucomutase. UDPglc was measured by simultaneously adding pyrophosphate (final concentration 10 uM) and 2 units UDPglc pyrophosphorylase. All chemicals and enzymes were obtained from Sigma Chemical Co.
RuBPcase was quantified by "'C CABP binding followed by immunoprecipitation (7, 13) .
Leaf nitrogen was determined as described by Seemann and Sharkey (13) , and Chl was determined in 80% acetone (1) .
RESULTS

Metabolic Responses of Shade-Grown Alocasia to a Single
Lighdleck. The amount of P-glycerate, triose-P and RuBP was measured at the indicated times during the lightileck cycle. After 20 min high light most esterified phosphate was in the triose-P pool ( Fig. 1 ). After 2 min in low light the P-glycerate pool increased and the triose-P pool decreased by about the same amount and the RuBP pool was also lower. Five s of high light was sufficient to restore substantially the original pattern of metabolite levels. Another minute of low light caused the low- After 20 min high light the RuBP pool in shade grown Alocasia was 1.5 mol mol-' CABP binding sites even though it was only 17 nmol mg-' Chl (Table I) . This is because the ratio of Chl to RuBPCase was very high in shade grown Alocasia (Table II) . Because of the variability in Chl and RuBPCase per unit leaf area we have expressed the RuBP pool size three different ways (Table I) . First, as mol RuBP mol-' CABP binding site since this measure addresses most directly the question of whether the RuBP pool limits the rate of photosynthesis. Second, as Mmol m-2 of leaf, since we are asking how much the RuBP pool could contribute to postillumination CO2 assimilation and this is expressed per m2 leaf area. Third, we have expressed it as nmol mg-' Chl because this is the most common means of expressing RuBP pool size. Whenever either of the first two methods can be used we believe they are preferable because the third method is extremely sensitive to growth light intensity effects on leaf Chl content.
The levels of hexose phosphates were also determined in shade grown' Alocasia (Table III ). The pools of Glc 6-P and Glc 1-P were relatively unaffected by the lightfleck. The pool of Fru 6-P was high during the lightfleck but fell after 1 min of darkness. The pool of Fru 1,6-P increased during the lightfieck and stayed high while the pool ofUDPglc increased only after the lightfleck.3 I The finding that UDPglc increases only after the lightfleck indicates that oscillations of a period of minutes could be produced because of the temporal displacement of the increase in the UDPglc pool from the increased assimilation rate. This kind of temporal resolution of events will be useful in determining the origin of oscillations in photosynthesis (reviewed in Sivak and Walker [15] ).
Metabolic Responses ofSun-Grown Alocasia to a Single Lightfleck. Although Alocasia is a "shade" plant, it can also grow reasonably well in full sun. Sun-grown Alocasia had nearly 3fold more RuBPCase and 2-fold more leaf nitrogen than did shade-grown Alocasia (Table II) . However, sun-grown plants had significantly less Chl than did shade-grown Alocasia. The rate of CO2 assimilation was significantly higher in sun-grown plants.
The RuBP level ofhigh-light grown Alocasia after 20 min high light was 3 times the CABP binding site concentration (Table I) . In low light the RuBP light was substantially below binding site concentration but a 5 s lightfleck was sufficient to triple the RuBP pool. The decline of RuBP content after the lightfleck, presumably a consequence ofposfillumination CO2 assimilation, was larger than the decline seen in shade-grown Alocasia.
Comparison of metabolite pool sizes showed that after 20 min in high light, sun-grown Alocasia had about the same amount of triose-P/m2 but more than 5 times as much P-glycerate and RuBP as shade-grown Alocasia (Fig. 1 ). Two min of low light resulted in a large increase in the P-glycerate pool and decreases in the RuBP and triose-P pools. The sum total of esterified phosphate in the three measured pools was unchanged. Five s of high light caused the P-glycerate pool to fall by 100 umol m-2 (200 nmol mg-' Chl). One min after the lightfleck the P-glycerate pool was again very high. The fastest change in the P-glycerate pool size was 20 umol m 2 s-' (40 nmol mg-' Chl s-'), about four times faster than the rate of CO2 assimilation. The speed of these changes in the P-glycerate pool reinforces the argument that metabolism must be quenched rapidly in studies of photosynthetic intermediates in order to avoid artifacts. Responses of Phaseolus to a Single Lightfleck. We compared the responses seen in the shade plant Alocasia with responses of P. vulgaris, a sun plant which has been used extensively in studies of photosynthetic metabolism. Shade-grown Phaseolus had less RuBPCase and less nitrogen per unit leafarea than did the sun-grown Phaseolus, a pattern similar to that seen in Alocasia (Table II) . However, shade-grown Phaseolus had only marginally less Chl than sun-grown Phaseolus in contrast to Alocasia. In both species the Chl a/b ratio and assimilation rate were lower in shade-grown plants than sun-grown plants of the same species.
The metabolite pools of sun-grown Phaseolus were similar to those of sun-grown Alocasia before, during, and after the lightfleck (Fig. 2) . Shade-grown Phaseolus behaved like shade-grown Alocasia except that the P-glycerate pool was much higher in the low light treatments in Phaseolus than in Alocasia. Even so, at the end of a 5 s lightfleck the triose-P pool in shade-grown Phaseolus was larger than the P-glycerate pool, just as it was in shade-grown Alocasia but different from both sun-grown treatments. The RuBP pool at the end of the lightfleck was slightly higher than the CABP binding site concentration for both Phaseolus treatments (Table I ). In both low light conditions the RuBP pool was well below binding site concentration.
DISCUSSION
The purpose ofthis study was to determine the molecular basis of postillumination CO2 assimilation observed in Alocasia (6) and in other species (9) . Previous studies of the response of postillumination assimilation to various environmental treatments indicated that the pool of RuBP could be important (9; TD Sharkey unpublished data). However, in shade-grown Alocasia the decline in the RuBP pool 1 min after a 5 s lightfleck was 2 Mmol m-2. This amount of RuBP would support photosynthesis for only 1 s (or less when photorespiration is considered) and give a photosynthetic efficiency of 120%. This is far short of the 160% found by Chazdon and Pearcy (6) in such plants and so other metabolite pools must be considered.
Triose-P and all the subsequent pools ofphotosynthetic carbon reduction cycle metabolites around to Ru5P can be used for postillumination assimilation, providing a source of ATP is available for Ru5P kinase and that deactivation of light dependent enzymes is not too rapid. In our measurements with shadegrown Alocasia the triose-P pool was large and changed in a way that was consistent with its utilization for postillumination CO2 assimilation.
To determine the potential CO2 assimilation resulting from triose-P conversion to RuBP the triose-P pool must be multiplied by 3/5 because 5 triose-P molecules can be converted to 3 RuBP molecules. While some triose-P will be used in starch and sucrose formation and other intermediates may well be involved in postillumination CO2 assimilation, the following calculations were made assuming that the entire change in the triose-P pool is useful in postillumination CO2 assimilation and that no other pools are involved. These assumptions allow some qualitative conclusions to be made about the source of RuBP for postillumination CO2 assimilation.
On the basis of these calculations the potential postillumina-tion CO2 assimilation resulting from the RuBP and triose-P pools was 12 ,mol CO2 m 2 s-' (less ifphotorespiration is considered).
This allows for a photosynthetic efficiency of as much as 190% in shade-grown Alocasia (Table IV) . Therefore, the metabolite pool sizes measured here would allow for the 160% efficiency observed by Chazdon and Pearcy (6) providing that a substantial amount of triose-P was in fact used to produce RuBP after the lightfleck.
This postillumination assimilation should give rise to 24 ,mol m 2 P-glycerate but the P-glycerate pool increased only 6 Amol m 2. The increase in UDPglc 1 min after the lightfleck (Table  III) suggests that substantial metabolism of photosynthetic products occurred in low light. This may account for the lack of strict stoichiometry. The potential contribution of triose-P to postillumination assimilation in shade-grown Alocasia was nearly 5 times that of RuBP. This postillumination use of triose-P would require the postillumination production of 13 jsmol ATP g-' Chl from the proton motive force built up during the lightfleck (Table IV) . Hangarter and Good (8) used postillumination ATP formation to study the bioenergetics of photophosphorylation. Under reasonable conditions they found between 10 and 15 Mmol g-' Chl postillumination ATP formation. Therefore, the requirement for 13 Mmol ATP g-' Chl might reasonably be expected.
The sun-grown Alocasia could have 25 Lmol mM2 postillumination CO2 assimilation as a result of a nearly one to one contribution by triose-P and RuBP (Table IV ). The P-glycerate which accumulated was more than twice 25 Mmol m-2, indicating possible contribution ofother metabolite pools. The requirement for 22 Mmol ATP g-' Chl after the lightfleck is less realistic than that required by the shade-grown Alocasia and so the maximum potential postillumination CO2 assimilation may not be expressed because of an ATP limitation. Efficiency of lightfleck utilization in intact leaves is lower in sun-grown Alocasia than shade-grown Alocasia (6) .
Shade-grown Phaseolus could have 15 jAmol m-2 postillumination assimilation and, like the shade-grown Alocasia, this is more the result of the triose-P pool changes than RuBP pool changes. The increase in P-glycerate pool is much larger than Table IV . Potential Sources ofPostillumination C02 Assimilation The values for RuBP and triose-P are the differences between the pool size at the end of the lightfleck and I min later taken from the data in Figures I and 2 . The total potential CO2 assimilation is RuBP + 3/5 triose-P pool size. The increase in PGA pool size is taken from Figures  1 and 2 . The potential efficiency assumes that the rate of photosynthesis during the 5 s lightfleck was equal to the steady state value measured after 20 min in high light. The This is an estimation of the maximum potential efficiency resulting from RuBP and triose P pool changes. The ratio of triose-P/RuBP tells how much postillumination assimilation could result from triose-P relative to what could occur as a result ofthe change in RuBP pool. The requirement for post illumination ATP was calculated on the basis of Chi because the potential ATP production is probably most closely linked to expected from the carboxylation of 15 ,umol m-2 and the ATP requirement is probably not realistic. The sun-grown bean had the lowest potential postillumination assimilation but a very large increase in the P-glycerate pool. As with the sun-grown Alocasia, RuBP accounted for as much potential postillumination assimilation as triose-P. Efficiency of lightfleck utilization in Phaseolus has not been measured. Judging from the metabolite pool sizes, there appears to be a difference in the points where carbon flux is restricted in the sunand shade-grown plants. The large pools of triose-P and small pools of RuBP in shade-grown plants suggest a rate limitation at the bisphosphatases or Ru5P kinase during high light. Conversely, the large pool of RuBP in sun-grown plants suggests a greater relative degree of rate control by RuBPCase in these plants. This pattern was independent of whether the species was a "sun" plant (Phaseolus) or "shade" plant (Alocasia).
The restriction of carbon flux at the bisphosphatases or Ru5P kinase could enhance photosynthesis in a stochastic light environment by preventing the "two kinase" competition described by Sivak and Walker (15) . The explanation of this phenomenon is based on the experiments of Slabas and Walker (16) . They found that by adding ribose 5-P to reconstituted chloroplasts, 02 evolution was inhibited until the ribose 5-P had been phosphorylated. The inhibition of 02 evolution occurs because Ru5P kinase has a much lower Km (higher affinity) for ATP than does P-glycerate kinase. Because P-glycerate kinase activity is low when Ru5P acts as a sink for ATP, the oxidation of NADPH by triose-P dehydrogenase is restricted by substrate availability and SO iS 02 evolution. If this condition occurred during a lightfleck it could result in a loss ofefficiency oflight use. When a lightfleck begins, CO2 is fixed. Ifthe CO2 which is fixed is quickly converted to Ru5P, then Ru5P kinase will outcompete P-glycerate kinase and, eventually, 02 evolution will be inhibited by lack of 1,3bisphosphoglycerate required for oxidation of NADPH. If this condition were to persist, for example for 2 s during a 5 s lightfleck, then the efficiency of light use would be reduced by 40%. If, on the other hand, the flux of carbon between triose-P and pentose phosphate were restricted, then ATP would be available for P-glycerate kinase and NADPH oxidation could proceed at its maximal rate.
Total ATP production in response to a lightfleck can be somewhat independent of when the light energy was harvested because ATP can be made from a stored PMF gradient. On the other hand, NADPH must be used during the lightfleck because the capacity to reduce NADP cannot be stored. In the present context, the fact that reducing power is available only while the light is high but ATP can be generated in darkness from the PMF stored across the thylakoid membranes means that Pglycerate reduction should be favored over Ru5P phosphorylation during the lightfleck because of the kinase competition described above. Otherwise, linear electron transport may be inhibited by lack of oxidation of NADPH. In the stochastic light environment, this short period of time when linear electron transport was blocked could represent a significant portion of the total light received by the leaf during the day. By having a low capacity to convert triose-P to Ru5P, the shade plant can take best advantage of very short bursts of light at the expense of high steady state rates ofphotosynthesis. This low capacity should give rise to high pools of triose-P in response to a lightfleck as was observed in this study.
CONCLUSION
Postillumination CO2 assimilation following a lightfleck can be accounted for by changes in the pool size of RuBP and triose-P. In shade-grown plants the contribution of RuBP to postillumination assimilation can be minor relative to that of triose-P. The accumulation of large pools of triose-P and the related changes in the biochemistry of photosynthesis appear to be a general response to growth at low light.
